A mineral apatite -based calibration approach for Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) was proposed in this work to be used for quantitative multielemental analysis of tooth enamel samples. Tooth enamel is composed mainly of hydroxyapatite therefore natural apatite crystals were expected to fit the matrix. Mineral samples were partially digested and quantitatively analyzed in respect of their bulk, elemental composition by means of ICP-MS/OES. The obtained quantitative data were used to construct the LA-ICP-MS calibration curves based on the apatite crystals for the selected 32 elements. The correlation coefficient values were calculated for each element and varied from none correlation for the most heterogeneous element (Al) to the value above 0.99 (U, REE, etc.), while calibration curve based on 3 selected mineral samples was applied. The usefulness of the proposed calibration approach was evaluated during investigations of elemental composition of tooth enamel and reference materials (NIST 1400, NIST 1486) leading to the promising results.
Introduction
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) is a powerful method for direct analysis of solids and allows for obtaining information on elemental composition with variable lateral or depth resolution and high sensitivity [1, 2] . A number of substantive arguments support the use of LA-ICP-MS in geological [3] [4] [5] [6] and biological investigations [7] [8] [9] , such as tissue analysis, but on the other hand, there are also counter-arguments against it. One of the main restriction is the chemical diversity of samples, for which the matrix-matching of LA-ICP-MS analytical protocol can be very pieces and devoted to the parallel, independent measurements either by direct LA-ICP-MS or by ICP-OES (major elements) and ICP-MS (trace elements) of the solutions obtained after mineral digestion.
Teeth samples
Two sets of tooth enamel samples were analyzed during this study to evaluate the proposed matrixmatched calibration procedure versus external standard method based on NIST 610. These samples represented: (i) five archaeological teeth (S_A1, S_A2, S_A3, S_A4, S_A5) dated back to the 16 th century with no specific historical context, and (ii) five modern primary teeth (S_M1, S_M2, S_M3, S_M4, S_M5). Historic teeth were subjected to point laser ablation without preparation while modern samples were prepared in the form of cross-sections embedded in resin and microsampled with line laser ablation.
Certified Reference Materials
BCR-32 (http://irmm.jrc.ec.europa.eu/) and NIST NBS 120b phosphate rock [27] were used for quality control of the results during bulk analysis of apatite samples by ICP-OES and ICP-MS for major and trace elements. SRM NIST 1400 and SRM NIST 1486 (www.nist.gov) were used for quality control of the LA-ICP-MS results during analysis of both apatites and teeth samples. NIST 610 glass reference material was used for one of the LA-ICP-MS calibration approaches. Reference values for NIST 1400, NIST 1486 and NIST 610 were taken from GeoReM Geological and Environmental Reference Materials Database [28] .
Instrumentation
ICP-OES (Optima 3300, Perkin Elmer) was used for major elements analysis and ICP-MS (Elan DRC-II, Perkin Elmer SCIEX, Canada) for trace elements determination in selected apatite crystals after their digestion. ICP-OES and DRC II ICP-MS systems were operated in their standard modes (Table 1) . LA-ICP-MS (LSX-213 Nd:YAG laser ablation system, CETAC and NexION 300D, Perkin Elmer) was used for major, minor and trace elements analysis of archaeological teeth (point ablation mode), primary teeth (line ablation) and apatite crystals (point and line ablation modes) ( Table 1) . 
ICP-OES and ICP-MS procedure
Before ICP-OES and ICP-MS measurements the apatites as well as SRM's phosphate rocks: BCR-32 and NBS 120b were powdered and fused with Li-metaborate (LiBO2) or sintered with sodium peroxide, then dissolved in 0.5 mol/L nitric acid and diluted to the appropriate concentration. Rh and Re were used as internal standards for ICP-MS, Sc was selected as an internal standard for ICP-OES measurements. The solutions obtained from Li-metaborate fusion were used during the analysis of major and minors elements (Na, Si, P, Ca, Al and Fe) by means of ICP-OES, whereas the solutions obtained after sintering with sodium peroxide were used during analysis of trace elements (Li, Mg, Cl, V, Cr, Mn, Ni, Cu, Zn, Rb, Sr, Mo, Cd, Sb, Ba, REE, Pb, Th and U) by ICP-MS.
LA-ICP-MS procedure
The surfaces of the remaining solid parts of all crystals as well as NIST 610 were cleaned by sonication in double distilled water for 15 minutes, then the samples were inserted into acetone (p.f.a., POCh Poland) and sonicated during 15 minutes to eliminate any organic and inorganic contaminations. Afterwards the samples were air-dried and placed in the ablation cell. Teeth samples were analyzed without any pretreatment. Ablation was executed from the locations selected carefully to omit inclusions visible at the surface of apatites. Transient signals were recorded for the following isotopes: 7 Li, 23 Na, 26 Mg, 27 Al, 29 Si, 31 Pb, 232 Th and 238 U. For all LA-ICP-MS measurements, the samples were placed inside the ablation cell together with NIST SRM 610 (www.nist.gov). The standard was measured twice in the beginning and twice at the end of each measurement run to correct for instrumental drift. For each sample either 7 single point ablations (archaeological teeth) or 3 single line ablations (modern primary teeth) were executed and the registered transient signals were then used for quantification. For apatites both ablation modes (point and line) were applied to investigate the homogeneity of the minerals. Line ablation was performed after pre-ablation laser cleaning to avoid surface contamination. The LA-ICP-MS signals were background corrected, integrated and recalculated with 42 Ca as the internal standard [24, [27] [28] [29] . All results were normalized to 100 wt.% [30, 31] . The assumption was made about the constant content of CaO equal to ca. 55.5 % in apatites [27] . Such estimations are widely used during analysis of minerals [29, 31] , moreover this particular value was then justified by the results obtained from the bulk analysis ( Table 2 ). The criterion of 5% precision was used for the measurements performed under optimized LA-ICP-MS conditions. Table 2 . Quantitative data representing bulk elemental composition of the investigated apatites (the content of elements is expressed in mg/kg, oxides in wt. %). 1. 
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Mean ± SD
7 ± 0.1 1.2 ± 0.1 < LOD 3.1 ± 0.2 1.2 ± 0.2
Results and Discussion
The aliquots obtained after digestion of the first halves of apatite crystals were analyzed in respect of their elemental bulk composition by means of ICP-OES and ICP-MS. The obtained quantitative data are given in Table 2 giving the overview of the variable range of content of different elements in the crystals.
The remained halves of the apatite crystals were analyzed by LA-ICP-MS. Line ablation on the solid apatite samples was performed in order to estimate the degree of heterogeneity of the analyzed crystals. The majority of monitored isotopes were distributed homogeneously in the apatites, however some exceptions could be noticed (Na, Si, Al and Th) (Fig.1) . Al was the most heterogeneous element among the investigated ones and it was excluded from the further investigations.
Seven repetitive single spot ablations were executed from each mineral sample and the averaged results of all selected elements in 5 apatite standards were calculated. Assuming the general macroscopic homogenous bulk composition of the entire apatite crystal, the results of ICP-OES/MS measurements were then used as the known content of the respective elements in particular apatite crystal for the further investigations. The linear through zero calibration curves were constructed for each element with the reference values recalling data of the ICP-OES/MS analysis from La. The data presented in Table 3 refers to elemental analysis of 5 natural crystals selected ad-hoc. They represented random chemical composition, but according to the literature data a wider range of elemental concentrations can be expected in natural apatite crystals [32] , therefore a careful selection and evaluation of other crystals would broaden the working range of the proposed matrix-matched calibration approach. 
Evaluation of the necessity for using matrix-matched calibration
The usefulness of the proposed calibration approach was evaluated by comparison to the external calibration method with NIST 610 in elemental analysis of the selected certified reference materials: NIST 1400 (bone ash) and NIST 1486 (bone meal). The results obtained for both CRMs against either NIST 610 or apatites are within their standards deviation for the most of elements (Table 4 ). The use of the apatite calibration approach was beneficial for quantification of some elements (Na, Mg, Si, Cl, V, Sr and Ba), while for the others (Rb and Th) the calibration range and linearity of the calibration curve was not sufficient. The investigations of pelletized NIST 1400 and NIST 1486 were accompanied by elemental analysis of enamel teeth samples (Table 5 and Table 6 ).
The comparison of quantitative results recalculated either in respect to NIST 610 or matrixmatched apatite calibration indicated that majority of elemental information remained coherent within their standard deviations regardless the procedure of applied quantification. The highest consistency of the results was observed for rare earth elements (REEs). The quantification of Na, Mg and Cl in all samples was underestimated if they were calculated vs NIST 610 as the external standard, therefore for these elements the use of apatite calibration approach allowed to increase the accuracy of the undertaken measurements. Table 5 . Comparison of the quantitative data of archaeological teeth analysis resulted from either recalculation vs NIST 610 or apatite-calibration approach (oxides expressed wt. %, elements -in mg/kg). 
S_A1
Conclusions
The use of natural apatite crystals as matrix matched standards for LA-ICP-MS analysis of bone tissues was proposed and evaluated in this work. Natural apatite samples are easily accessible minerals with the general chemical characteristics similar to bone tissue, therefore they could be used for calibration of LA-ICP-MS for analysis of tooth enamel samples with no special pretreatment. The composition of tooth enamel available for LA-ICP-MS measurements could be useful for fast, micro-destructive screening of elemental similarities of archaeological samples. The orthodontic treatments that use variable modern metal alloys could be also evaluated by using the proposed matrix-matched calibration approach for investigations of tooth enamel models.
Several natural crystals were inspected in respect of their elemental bulk composition as well as the distribution of the selected elements within the investigated crystals. ICP-OES and ICP-MS were used for the determination of the content of selected elements and the obtained values were considered the target values for the optimization of the consequent LA-ICP-MS measurements. Although, the results of direct analysis of solid samples by LA-ICP-MS were influenced by the heterogeneity of their distribution, repetitive spot (n=7) or line (n=3) analyses assured reliable averaged results for the most of the investigated elements. Heterogeneous distribution and relatively very low concentration of Al, Rb, Th and Zn excluded the possibility to use LA-ICP-MS for reliable quantification of these elements in accordance to the proposed analytical procedure.
Elemental composition of NIST 1400 and NIST 1486 bone reference materials was determined by the LA-ICP-MS using either NIST 610 or apatite calibration approach and compared to the reference values. During validation of the procedure the data obtained for archaeological and modern samples confirmed usefulness of natural apatite crystals as in-house reference materials. The proposed calibration procedure based on the use of natural apatite crystals can be applied for the analysis of bone tissues by means of LA-ICP-MS with some restriction. The main advantage of the described analytical approach relied on a fast selection of best standard materials if the appropriate number of apatite samples would be tested.
The use of natural apatites matrix matched calibration for quantitative analysis of osseous tissues was evaluated. Although the matrix effects were not found prevailing for the final results of the most of the investigated elements, the use of apatites was beneficial for quantification of Na, Mg and Cl in tooth enamel. It can be expected that the usefulness of the apatite crystals calibration approach would increase for the greater number of tested apatite samples. Screening of their elemental composition would allow to select the most divergent crystals in respect to their elemental composition, leading to increase the calibration reliability and extension of the dynamic range for most of the elements. Based on this work it can be concluded that even 5 natural apatites could be successfully used as the solid matrix matched home standards for calibration approach devoted to elemental analysis of osseous samples by means of laser ablation ICP-MS.
